A novel Co 9 S 8 -Ni x S y /Ni foam composite material was synthesized through the thermal decomposition of a cobalt-thiourea molecular precursor onto the 3D metallic support. The obtained electrode exhibited good activity toward the hydrogen evolution reaction in alkaline medium, requiring small overpotential of 163 mV at a current density of 10 mA cm -2 , which is one of the lowest ever reported among transition metal sulfides materials.
Recent projections have shown that the world population will increase from 7.2 billion in 2015 to between 9.6 billion and 12.3 billion in 2100. 1 Reconciling the energy needs of a large population while mitigating global warming appears to be strickly dependent on renewable energy sources (solar, wind, etc.) and their capacity to be cost-effective and easily scalable for a global and diffuse deployment. One of the principal drawbacks of relying abundantly on renewable energy is represented by its intermittent nature, which does not guarantee a constant electric supply to the grid. In this regard several technologies based on energy storage have been developed, where the energy derived by a renewable source can be stored as thermal, 2 electrochemical, 3 chemical, 4 just to name a few.
Among the various existing technologies hydrogen (H 2 ) production through solar-driven water electrolysis has received considerable attention, given the potential key role of hydrogen as a clean fuel and energy carrier. 5, 6 In order to be commercially viable, electrocatalytic water electrolysis requires active, durable and low-cost electrocatalysts for the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). At present, platinum (Pt) and its alloys represent the most efficient catalysts for the HER in both acidic and basic environments, although its high cost and scarcity severely preclude a large-scale use for H 2 production. 4 They would also be more compatible with existing water electrolysis plants which are usually based on cells with alkaline electrolyte. 34 Catalyst nanostructuring onto conductive substrates is an effective synthetic strategy for increasing the surface area, which leads to an improvement of the HER electrocatalytic activity. 8, 10, 11 Moreover, the in situ growth of electrocatalytic materials onto binder-free and three-dimensional (3D) substrates plays a crucial role in obtaining composite electrodes with high mechanical stability and strong interface adhesion. 8, 11, 15 In this work we report a facile synthetic strategy for the fabrication of a multi-phasic cobalt-nickel sulfide HER electrocatalyst supported onto a commercially available Ni foam (Nif). Cobalt and nickel sulfide nanoparticles were generated in situ upon thermal pyrolysis of thiourea, due to the formation of reactive sulfurized molecular species that directly react with the metallic atoms. A detailed investigation on the effect of annealing temperature and time was carried out, establishing a structureproperty relation through a combined characterization analyses coupled with HER electrocatalytic tests. The optimum electrode showed a small overpotential of 163 mV required to reach a current density of 10 mA/cm 2 , a Tafel slope of 88 mV/dec and great longterm stability as long as 72 hours. Our synthetic strategy was inspired by earlier works reporting the formation of pure cobalt sulfide nanoparticles through the thermal annealing under inert atmosphere of a preformed Cothiourea molecular complex in methanol. 37, 38 In our method the Cothiourea complex was first adsorbed onto a pre-cleaned Ni foam (Nif) through dip coating, and subsequently annealed under N 2 . The metal loading in the electrode can be controlled simply by repeating the two steps of dip coating-annealing (see Experimental details †). We also found that by using only thiourea as a molecular precursor, pure crystalline Ni 3 S 2 (heazlewoodite) was formed on the surface of the Nif, whereas in the case of the Co-thiourea precursor, a series of different crystalline phases of nickel sulfides and only one welldefined phase of cobalt sulfide (Co 9 S 8 ) were obtained. Annealing temperature and time were systematically varied (400-500 °C, 10-90 min) for both the monometallic and the bimetallic electrodes, giving precious insights into the structural and morphological transformations involved. Samples obtained by the thermal decomposition of thiourea at a specific temperature (T) and time (t) will be referred as Ni 3 S 2 /Nif(T,t), whereas those obtained by the thermal decomposition of Co-thiourea complex will be referred as Co 9 S 8 -Ni x S y /Nif(T,t). Unless otherwise stated, all the characterized samples showed below were synthesized by performing 5 cycles of dip coating-annealing. X-ray diffraction (XRD) patterns for the Ni 3 S 2 /Nif and the Co 9 S 8 -Ni x S y /Nif electrodes are reported in Fig. S2 and Fig. 1 , respectively. In the case of the monometallic system, the XRD patterns show the formation of a pure rhombohedral Ni 3 S 2 (JCPDS no. 30-0863) for all the different annealing conditions. No secondary phases were detected. A contrasting behaviour can be observed for the Co 9 S 8 -Ni x S y /Nif electrode, with the formation of a variety of nickel sulfide phases and the cubic Co 9 S 8 . As we can note from the spectra, the diffraction peaks were carefully indexed by comparing the experimental pattern with reported data, and compounds such as NiS 2 (JCPDS no. 03-0734), Ni 17 S 18 (JCPDS no. 76-2306), NiS (JCPDS no. 12-0041), Ni 7 S 6 (JCPDS no. 24-1021) and Ni 3 S 2 (JCPDS no. 30-0863) were identified. Only one phase of cobalt sulfide was detected, with diffraction peaks indexed to the cubic Co 9 S 8 (JCPDS no. 86-2273). Interestingly, the relative presence of each nickel sulfide species depends on the annealing parameters, with sulfurdeficient phases (Ni/S > 1) favoured at high temperature and long annealing time. For instance, the Co 9 S 8 -Ni x S y /Nif(500,90) shows only the presence of Ni 3 S 2 (Ni/S = 1.5) along with Co 9 S 8 , in stark contrast with the multitude of phases observed for the other investigated conditions. The Co 9 S 8 phase starts to appear after annealing at 400 °C for 90 min ( Fig. 1(b) ) and its structural nature does not change with varying the annealing parameters. The presence of Co 9 S 8 was further confirmed by Raman spectroscopy as highlighted in Fig. S3 S4 ) and Co 9 S 8 -Ni x S y /Nif (Fig. 2) reveal the formation of a nanoparticulate morphology of similar nature for both electrodes. As a common feature these nanoparticles tend to grow and agglomerate with increasing annealing temperature and time. TEM analysis performed on the Co 9 S 8 -Ni x S y /Nif samples shows the presence of small nanoparticles having a mean diameter of less than 20 nm (Fig. 3) . Fig. 3 (e) and 3(f) 
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Please do not adjust margins display the selected area electron diffraction (SAED) patterns for the Co 9 S 8 -Ni x S y /Nif(500,10) and Co 9 S 8 -Ni x S y /Nif(500,90), respectively, with several bright rings which can be indexed to different lattice planes belonging to Ni 3 S 2 and Co 9 S 8 . However not all the phases identified through XRD can be traced in the SAED patterns, given the small proximity of the diffracted peaks and the intrinsic low angular resolution of the electron diffraction technique.
The atomic percentage of cobalt was determined using energydispersive X-ray spectroscopy (EDX) and it was around 4% for all the different electrodes as reported in Fig. S5 . A semi-quantitative estimate of the mass loading can be calculated for the Co 9 S 8 -Ni x S y /Nif, giving a value of roughly 2 mg/cm 2 for Co 9 S 8 and 7 mg/cm 2 for Ni x S y (assuming Ni/S = 1.5). In the case of the monometallic Ni 3 S 2 /Nif electrode, a similar mass loading of 7 mg/cm 2 was obtained (see Fig. S6 for the EDX spectra). Significant amount of carbon and nitrogen was detected as a result of the formation of carbonaceous side products originating from the pyrolitic decomposition of thiourea. . These values fit well with previous XPS spectra of pure Ni 3 S 2 , 42 which is a compound with a rich redox 29, 42 In all the samples it is possible to identify another S2p 3/2 peak at 168.0-169.0 eV, which is linked to the presence of SO 3 -2 /SO 4 -2 species on the surface of the metal sulfides resulting from the exposure to air. 43 A detailed quantitatve analysis of the XPS derived from the fitting of the experimental spectra can be found in Table S1 . The results show that the Co/Ni atomic ratio is 1.2, 1.0, 0.5 and 3.3 for the Co 9 S 8 -Ni x S y /Nif(400,10), Co 9 S 8 -Ni x S y /Nif(400,90), Co 9 S 8 -Ni x S y /Nif(500,10) and Co 9 S 8 -Ni x S y /Nif(500,90), respectively. Furthermore, the S/(Co+Ni) ratio is lower for the electrodes treated at 500°C, which is in line with the structural modifications observed by XRD, with sulfur-poor nickel sulfide phases favoured at high temperature. The Ni2p and S2p XPS spectra of the monometallic Ni 3 S 2 /Nif electrode displayed in Fig.  S10 fit with the patterns reported in the literature for pure Ni 3 S 2 . 42 The HER activity of the Co 9 S 8 -Ni x S y /Nif and Ni 3 S 2 /Nif electrodes was evaluated through linear sweep voltammetry in 1M KOH aqueous electrolyte and the correspondent polarization curves after iR correction are displayed in Fig. 4(a) and (b), respectively. As we can observe in Table 1 , the HER activity of the Co 9 S 8 -Ni x S y /Nif is superior compared to the monometallic Ni 3 S 2 /Nif electrode. The Co 9 S 8 -Ni x S y /Nif(500,10) electrode showed the best performance with a required small overpotential of 163 mV to reach a current density of 10 mA/cm 2 , typical figure of merit used for comparing the activity of electrocatalysts in a hypotetical solar-driven electrochemical water splitting device operating at 12.3% efficiency. 45 This value compares well with the best reported earthabundant metal HER electrocatalysts under alkaline media, and a quantitative comparison in terms of HER performance can be found in Table S2 . For the Co 9 S 8 -Ni x S y /Nif sample, the HER activity trend is correlated with the specific annealing conditions. The Co 9 S 8 -Ni x S y /Nif(500,90) electrode showed a dramatic drop in activity compared to the other ones, with an overall performance even worse than the bare Ni foam. This difference can also be seen in the value of the Tafel slopes, which is an indication of the mechanistic reaction pathway. Similar values ranging from 83 to 91 mV/dec were found for the active Co 9 S 8 -Ni x S y /Nif(400,10), Co 9 S 8 -Ni x S y /Nif(400,90) and Co 9 S 8 -Ni x S y /Nif(500,10), suggesting a mixed Volmer-Heyrovsky rate-determining step (RDS) occurring on these electrodes. In stark contrast, the Tafel slope of the Co 9 S 8 -Ni x S y /Nif(500,90) electrode is 117 mV/dec, quite close to the value Please do not adjust margins
Please do not adjust margins obtained for the bare Ni foam, typical of a pure Volmer RDS. The much lower activity of the Co 9 S 8 -Ni x S y /Nif(500,90) sample can be ascribed to the different structural, compositional and morphological properties. In particular, three factors appear to be significantly different from the more active bimetallic electrodes: i) higher Co/Ni superficial atomic ratio, ii) absence of other nickel sulfides phases apart from Ni 3 S 2 , iii) nanoparticulate agglomeration. A higher Co/Ni atomic ratio means that more Co 9 S 8 particles are exposed to the electrolyte compared to Ni 3 S 2 , and this can explain the mechanistic difference existing for the Co 9 S 8 -Ni x S y /Nif(500,90). Indeed, the Tafel slopes of the monometallic Ni 3 S 2 /Nif lie in the range 87-106 mV/dec (Table 1) , similar to the values obtained for the Co 9 S 8 -Ni x S y /Nif(400,10), Co 9 S 8 -Ni x S y /Nif(400,90) and Co 9 S 8 -Ni x S y /Nif(500,10) materials. This suggests that Ni 3 S 2 plays an active role in the mechanistic pathway of the HER, perhaps having a more favourable adsorption capacity of water molecules compared to Co 9 S 8 . Recently, Feng et al. showed a rather poor HER activity of Co 9 S 8 in alkaline media, with a required overpotential of 250 mV to reach a current density of 10 mA/cm 2 . 30 This value is in agreement with the performance of the Co 9 S 8 -Ni x S y /Nif(500,90), leading to the conclusion that pure Co 9 S 8 is not a particularly active catalyst for the HER. However it is worth noting that even the pure Ni 3 S 2 /Nif has a much lower activity compared to the active bimetallic electrodes. The best material showed a modest overpotential of 225 mV in order to reach 10 mA/cm 2 , only 20 mV lower than the bare Ni foam. In this regard, we propose the presence of a synergistic effect between Co 9 S 8 and Ni 3 S 2 as the main reason why we observe a dramatic improvement in the HER activity of the Co 9 S 8 -Ni x S y /Nif under well-defined synthetic conditions. This effect arises from an intimate contact of the two phases and an appropriate atomic composition on the surface of the electrode. Such synergistic effects had also been previously observed in Ni-Co alloys for hydrogen evolution, which were found to be superior to pure Ni or pure Co catalysts. 46 Our hypothesis was also supported by electrochemical impedance spectroscopy (EIS) measurements, which further unveiled the main differences in the electrochemical properties of the mono and bimetallic catalysts. The Nyquist plots for the Co 9 S 8 -Ni x S y /Nif and Ni 3 S 2 /Nif are reported in Fig. S12 and were fitted using a Randles circuit, consisting of a series resistance (R s ), a charge transfer resistance (R ct ) and a constant phase element (CPE). The R ct gives a measure of the ease of electron transfer at the electrode/electrolyte interface 11 . As reported in Tab. 1, this value is lower for the Co 9 S 8 -Ni x S y /Nif compared to Ni 3 S 2 /Nif, although this is not true for the less active Co 9 S 8 -Ni x S y /Nif(500,90) sample, having a similar value to the monometallic system. Another relevant parameter is the double-layer capacitance (C dl ), which is derived from the CPE data. The C dl is an important figure of merit since it gives an estimate of the electrochemically active surface area (ECSA). 47 The calculated C dl of the active Co 9 S 8 -Ni x S y /Nif elctrodes is much higher than the Ni 3 S 2 /Nif (Table 1) , with values ranging from 44 to 64 mF/cm 2 , in agreement with their superior HER activity.
Again, the C dl of the poorly active Co 9 S 8 -Ni x S y /Nif(500,90) sample is significantly lower and comparable to the monometallic Ni 3 S 2 /Nif. The enhanced electrochemically active area of the Co 9 S 8 -Ni x S y /Nif electrodes synthesized under appropriate conditions is a direct evidence of the existence of more active sites, which are linked to the particular compositional and electronic configuration at the surface. Also, the intrinsic metallic nature of the Co 9 S 8 and Ni 3 S 2 phases favours the rapid electron transfer at the electrode/electroyte interface. In our discussion we treat Ni 3 S 2 as the only active nickel sulfide phase in the system, without taking into account the possible effect of other phases. However this can be justified by two main observations: i) XRD, SAED and XPS gave evidence of a predominant presence of the Ni 3 S 2 and Ni 17 S 18 phases; ii) XRD analysis after the stability test evidenced the disappearence of the Ni 17 S 18 phase ( 
Please do not adjust margins 5(b) ), despite the fact that no current decay was observed after 72 hours for the most active sample (Co 9 S 8 -Ni x S y /Nif(500,10)), as shown in Fig. 5(a) . This leads to the conclusion that the active sites are due to the biphasic Co 9 S 8 -Ni 3 S 2 system, which is also perfectly retained after chronoamperometric test as shown by XRD, resulting in a stable and constant current density throughout the experiment. Furthermore, the Co2p and Ni2p XPS patterns reported in Fig. S10 match those of the as-synthesized sample, with a similar Co/Ni superficial atomic ratio calculated from the fitting of the XPS spectra (Table S2 ). The nanoparticulate morphology of the Co 9 S 8 -Ni x S y /Nif(500,10) is retained after long-term stability, as shown by the low-and high magnification SEM images in Fig. 5 (c) . Only minor modifications occurred, most likely due to the dissolution of the unstable Ni 17 S 18 phase. No cobalt leaching was observed as probed by EDX technique and summarized in the chart reported in Fig. 5  (d) , with a value consistent with the as-synthesized sample.
Conclusions
We have developed a novel and facile synthetic method for the fabrication of bimetallic Co 9 S 8 -Ni x S y and monometallic Ni 3 S 2 nanoparticles supported onto a 3D Ni foam. The method is based on the thermal decomposition of pre-adsorbed molecular precursors onto the metallic Ni foam, generating in situ the nanoparticulate metal sulfides. The bimetallic Co 9 S 8 -Ni x S y /Nif electrodes showed a significant higher activity compared to the monometallic Ni 3 S 2 /Nif for the hydrogen evolution reaction, with the Co 9 S 8 -Ni x S y /Nif(500,10) sample requiring a small overpotential of 163 mV at a current density of 10 mA cm -2 in 1M KOH electrolyte. Synthetic parameters such as annealing temperature and time were found to play a crucial role in the HER activity, establishing a stucture-property correlation through a detailed characterization analysis. The origin of the high activity of the Co 9 S 8 -Ni x S y /Nif synthesized under well-defined conditions was attributed to the existence of a synergistic effect between Co 9 S 8 and Ni 3 S 2 nanoparticles. This effect arises from an optimal atomic composition at the surface and an intimate contact bewteen the two nanoparticulate phases, having a small size of 20 nm. The analysis of the Tafel slopes for the active Co 9 S 8 -Ni x S y /Nif reveal a mixed Heyrovsky-Volmer mechanism occurring during the HER. It has been shown that the adsorption of reacting water molecules on the active sites is largely favoured by the Ni 3 S 2 phase. The HER trend was also correlated to the electrochemical properties of the electrodes such as double layer capacitance and charge transfer resistance. Consistent results were found, with the active bimetallic Co 9 S 8 -Ni x S y /Nif samples having the largest ECSA and smallest R ct . The most active Co 9 S 8 -Ni x S y /Nif(500,10) electrode was subject to chronoamperometry test, and great long-term stability was observed, with a constant current density maintained over 72 hours of reaction. The Co 9 S 8 and Ni 3 S 2 phases were perfectly retained after the test, as evidenced by XRD, SEM, XPS and EDX analyses. Only small morphological and structural modifications were recored as a result of the dissolution of the unstable Ni 17 S 18 phase. Our new synthetic approach can be easily generalized and extended to the design of others 3D composite materials holding novel and unprecedented properties in a broad variety of applications such as HER/OER catalysts, supercapacitors and batteries.
